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Abstract  

I n  s tud ies  of the  mechanism of stress corrosion cracking of 

t i tanium a l loys ,  the  f o i l  form has been found t o  be advantageous. The 

experimental equipment u t i l i z e d  t o  t e s t  f o i l  by dead weight loading 

has been described. The apparatus and procedures used t o  make electrode 

po ten t i a l  and po ten t io s t a t i c  measurements have been presented i n  d e t a i l .  

The two a l loys  invest igated,  Ti-6A1-4V and Ti-13V-11Cr-3AlY were 

not  suscept ib le  t o  stress corrosion cracking i n  aqueous so lu t ions  with pH 

values from 0 t o  13 and C1- ion added. 

methanol so lu t ions  containing less than about one percent water. Electro-  

chemical measurements i nd ica t e  tha t  the mechamism of cracking was associated 

with onset of  passivat ion a s  a function of water content.  

These a l loys  f a i l e d  r ead i ly  i n  
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Introduction 

A research proposal was submitted to NASA in July 1965 concerning 

"Stress Corrosion Cracking of Titanium Alloys" in response to the NASA 

Research Suggestion (RS-4-Stress Corrosion), dated June 1965. A grant 

was awarded, effective June 1, 1966. In the interim period, a start was 

made on the problem under Mellon Institute sponsorship. This preliminary 

work served to assure that titanium alloy specimens in foil form were 

adaptable to existing procedures worked out for ultra-high strength steels. 

More recently, it has been possible to make correlations between 

electrode potential measurements and the more susceptible conditions for 

stress corrosion cracking of 18Ni maraging steel foil.' 

the pH of aqueous solutions, the maximum susceptibility occurred just prior 

to the onset of passivation. Similar work on commercial titanium alloys is 

presently underway and partial results are reported herewith. 

As a function of 

Materia 1 s 

Commercially produced titanium alloys were used in this investigation. 

The foil (.002-.003" thick) was obtained from companies which reroll sheet 

and strip on a Sendzimir mill. 

have been recieved as yet, so that the present work has been limited to 

two alloys whose mill compositions are listed in Table I, i.e., Ti-6A1-4V 

and Ti-13V-llCr-3Al. 

Not all of the alloys to be investigated 

Quarter-inch and half-inch strips were slit from the foil 

parallel with the rolling direction by automatic machinery. Heat treating 

was accomplished by sealing specimens in vycor tubes under partial pressure 
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of helium. 

and the r e s u l t i n g  t e n s i l e  propert ies  a r e  presented i n  Table 11. 

Tension tests were performed on an Ins t ron  Testing Machine, 

Reagent grade chemicals were used throughout i n  the preparation 

of solut ions without addi t iona l  pur i f ica t ion .  The water was f i r s t  

d i s t i l l e d  and then passed through a commercial ion exchanger; the e l e c t r i c a l  

conduci t ivi ty  was of the order of 6 x 10 
-7 -1 

ohms . 

Experimental Apparatus and Procedures 

S t r e s s  corrosion t e s t i n g  of f o i l  was car r ied  out with dead weight 

loading, but  specimens could be e i t h e r  pin-loaded o r  clamp-loaded. 

pin-loaded specimens were half- inch wide and general ly  notched by tear ing .  

I n  e i t h e r  case,  the corrosive atmosphere was applied over only a port ion 

of the t e s t  specimen and was contained i n  a polyethylene b o t t l e .  

apparatus fo r  clamp-loaded specimens has provision for  t e s t i n g  t e n  

specimens a t  one time. 

The 

The 

Figures 1 and 2 show it with a l l  posi t ions loaded. 

Figure 1 presents  the overa l l  view of the  apparatus with the 

To the r i g h t  on the wall a r e  ten counters which a w i l l i a r y  equipment. 

record the t i m e  t o  f a i l u r e  of the individual  specimens. The counters 

a r e  ac t iva ted  by micro-switches seen a t  c lose range i n  Figure 2 .  

v i s i b l e  i s  one of the broken specimens, approximately four inches long, 

a f t e r  the  p l a s t i c  b o t t l e  has been removed. I n  the  f a r  t e s t i n g  pos i t ion  

Also 

i n  Figure 2 ,  t h e  loaded specimen threaded through the b o t t l e  containing 

the  t e s t i n g  so lu t ion  may be seen. 

each s ide  and the tension applied over a b a l l  bearing on one s ide  with 

dead weight. The v e r s a t i l i t y  of the apparatus can be noted a t  the end 

pos i t ion  where the  t e s t  specimen w a s  loaded i n  a v e r t i c a l  pos i t ion  r a t h e r  

The specimen was clamped t o  s t r aps  on 
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than the horizontal  pos i t ion ,  which f a c i l i t a t e s  the t e s t i n g  of p a r t i a l l y  

immersed specimens. 

It was a l s o  possible  t o  use an a l t e r n a t e  immersion type of 

t e s t i n g  by means of a gravi ty  feed system f o r  moving the l i q u i d  so lu t ion  i n  

and out of the b o t t l e  by a reciprocat ing motion of a reservoi r  of so lu t ion  

(see extreme r i g h t  i n  Figure 1). I n  response t o  the t imers,  the exposure 

and immersion t i m e s  of a specimen could be var ied a s  well  a s  the  exposure/ 

immersion r a t i o s .  The small motor and fan d i r e c t l y  above the t e s t i n g  

apparatus i n  Figure 1 w a s  sometimes used t o  increase the r a t e  of drying 

of a l t e r n a t e  immersion specimens. The gravi ty  feed equipment could a l s o  

be used f o r  rec iproca l ly  flowing solut ions.  

The pin-loaded specimens a r e  shown i n  Figures 3 and 4. The 

t e s t  specimen i s  loaded by means of a weighted lever  arm. The load can 

be dead weight o r  the lever  arm may be locked i n  pos i t ion  a t  a given load. 

A l l  test  specimens were cleaned with methyl-ethyl-ketone before 

threading through a 1 1/4 inch diameter polyethylene b o t t l e .  

descr ip t ion  of the experimental arrangement f o r  the clamp-loaded specimens 

has already been given. The pin-loaded specimens were notched by t ea r ing  

t o  the center  l i n e  between punched holes.  

A de ta i led  

2 

Apparatus f o r  measuring e lec t rode  po ten t i a l s  i s  pictured i n  

Figure 5. A specimen of quarter- inch f o i l ,  about one-half inch long, was 

degreased i n  methyl e thy l  ketone and then screw-clamped i n t o  a p l a s t i c  

holder t o  make e l e c t r i c a l  contact  with a platinum w i r e  lead.  A Luggin 

cap i l l a ry  was placed i n  a f ixed pos i t ion  i n  f ron t  of the f o i l  and was 

connected by a KC1 s a l t  bridge t o  a s i l v e r / s i l v e r  chlor ide reference 
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electrode.  The p l a s t i c  holder,  when assembled, was immersed i n  the test  

solut ion.  This whole assembly, including the reference e lec t rode ,  was 

immersed i n  a constant temperature bath maintained a t  30" f 1°C. 

Values of e lec t rode  po ten t i a l  w e r e  measured as a funct ion of 

time f o r  periods of one t o  two hours. Zero time was taken a s  the moment 

of immersion of the specimen i n  the t e s t  solut ion.  A compensating device, 

cons is t ing  of a micro-potentiometer, converted the values d i r e c t l y  t o  the 

calomel scale,and these values were measured with a 610B Keithley electrometer 

The experimental set-up fo r  po ten t io s t a t i c  measurements i s  

pictured i n  Figure 6 and shows an Anotrol Model 4700 po ten t ios t a t ,  vo l t -  

meter, calomel half  c e l l ,  sa l t  bridge and working c e l l .  The working 

c e l l  has a volume of 750 m1,inlets f o r  gas, thermometer, reference e lec t rode ,  

and working electrode.  The aux i l i a ry  electrodes a re  platinum. A magnetic 

st irrer was used t o  gent ly  s t i r  the tes t  solut ion.  

w a s  made by spot  welding a square centimeter of t i tanium t o  the  end of a 

The working electrode 

piece of plat inumwire.  

with severa l  l ayers  of epoxy r e s i n  leaving an exposed surface area of a 

The wire, back of sample and edge were coated 

quarter  of square centimeter. The Luggin c a p i l l a r y  i s  posit ioned a t  one 

o f  the top corners and about 2 mm away from the electrode surface.  This 

cap i l l a ry  i s  f i l l e d  with sa tura ted  KC1 and connected, v i a  the bridge, t o  

a sa tura ted  calomel e lectrode.  

Nothing was done t o  prepare the electrode surface except 

degreasing i n  methyl e thy l  ketone which dupl icates  the conditions t h a t  

were encountered on the  stress corrosion t e s t i n g  apparatus. Likewise, 

no attempt was made t o  control  the gaseous content of the e l ec t ro ly t e .  
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The values of po ten t i a l  set  with the po ten t io s t a t  were measured 

using an ex terna l ly  connected vacuum tube voltmeter t h a t  had been previously 

ca l ibra ted .  Measurements of current  were taken f i v e  minutes a f t e r  the 

adjustment of po ten t i a l .  The temperature of the e l e c t r o l y t e  was 28" +, 1°C 

throughout the  experiments. 

Experimental Results and Discussion 

Aqueous Solutions 

The i n i t i a l  approach t o  the  stress corrosion cracking of t i tanium 

al loys was t o  inves t iga te  the p o s s i b i l i t y  of the f o i l  exhib i t ing  cracking 

i n  aqueous so lu t ions  containing NaCl or  i n  s u b s t i t u t e  ocean water. 

Although i t  has been generally believed t h a t  t i tanium a l loys  do not 

s t r e s s  crack i n  the aforementioned environments without precracking, 3Y4 

nevertheless,  recent  work with maraging s t e e l  f o i l  ind ica tes  t h a t  t h i s  

f o i l  was more sens i t i ve  t o  s t r e s s  corrosion cracking than was sheet  from 

1 the same heat.  F o i l  specimens and precracked specimens may, under some 

conditions,  show a similar high s e n s i t i v i t y  t o  s t r e s s  corrosion cracking 

t h a t  cannot be de tec t ed  with the  more conventional U-bend or  bent-beam 

specimens made from sheet o r  bar. The p o s s i b i l i t y  t h a t  t i tanium a l loys  

i n  f o i l  form might a l so  s t r e s s  crack, even as  precracked specimens, required 

inves t iga t ion .  

Attempts t o  crack a l loys  Ti-6A1-4V and Ti-13V-llCr-3Al a s  f o i l  

i n  aqueous s a l t  so lu t ions  loaded t o  75-85 percent of y ie ld  s t r eng th  were 

without success. Stagnant immersion as w e l l  a s  a l t e r n a t e  immers iontes t s  

were run. Both cold r o l l e d  and heat t r ea t ed  f o i l  was t r i e d .  Subs t i tu te  

ocean water (ASTM: D1141-52) and aqueous so lu t ions  with varying amounts 
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of NaCl were t r i e d .  Pin-loaded specimens pretorn were not e f fec t ive .  

Electrode po ten t i a l  measurements as  a funct ion of pH and N a C l  

content were useful  i n  predict ing the environmental conditions fo r  maximum 

s u s c e p t i b i l i t y  t o  stress corrosion cracking with maraging steel S i m i l a r  

curves were made fo r  the  t i tanium a l loys  and an example of one of them 

i s  presented i n  Figure 7. The points on the curve represent values of 

e lec t rode  po ten t i a l  a f t e r  one hour's time, e.g., see  Figure 11. The 

curve de f l ec t s  sharply a t  high and low pH values which would suggest the 

regions of suscep t ib i l i t y  t o  stress corrosion cracking. Tests were made 

using environments s imi l a r  t o  those i n  the region of the def lec t ions  

i n  the curve, but no f a i l u r e s  occurred i n  2-3 month's time. 

Methanol Solutions 

5 
It has recent ly  been demonstrated by Mori e t  a 1  t h a t  commercially 

pure t i tanium and zirconium w i l l  s t r e s s  crack a s  U-bend specimens i n  alcohol 

solut ions containing 0.4 t o  1.0 percent hydrochloric o r  s u l f u r i c  acid.  

Small amounts of water were found t o  prevent cracking and the authors 

suggested about 1.5 percent water as s u f f i c i e n t  f o r  titanium. The authors 

were not able  t o  determine a mechanism of stress corrosion cracking fo r  

t i tanium and zirconium i n  HCl-methanol. 

- I n  order  t o  help e luc ida te  the mechanism of the  cracking of 

t i tanium i n  alcohol so lu t ions ,  the project  emphasis has recent ly  turned 

t o  t h i s  problem. It was found tha t  NaCl addi t ions t o  methanol would decrease 

the t i m e  t o  f a i l u r e  of the clamp-loaded specimens s t ressed  t o  75-85 percent 

of y ie ld  s t rength  (see Table 3 ) .  
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The op t i ca l  microscope reveals  very few cracks forming i n  specimens 

t h a t  have fa i led .  The cracking tha t  was observed exhib i t s  s ide  branching 

cha rac t e r i s t i c  of stress corrosion cracking, see Figures 8 and 9. I n  the  

heat t rea ted  f o i l ,  the cracking appears t o  be predominantely intergranular .  

Present work confirms the observations of Mori e t  a15 tha t  the 

addi t ion of water w i l l  prevent cracking, a t  l e a s t  up t o  300 hours. The 

amount of water required var ies  somewhat with a l loy  and heat treatment, but 

no f a i lu re s  have been observed thus f a r  with two percent or  more water. 

Figure 10 i l l u s t r a t e s  how the Ti-13V-llCr-3Al a l loy  reac ts  when exposed t o  

methanol-water solut ions containing 0.15 N NaC1. The water seems t o  prevent 

cracking even when l e s s  than one percent i s  added. 

curve occurs a t  about 0.35 percent water. 

To b e t t e r  understand the nature of the  cracking, e lectrode 

Typical measurements 

* 

The minimum i n  the 

poten t ia l  and po ten t io s t a t i c  measurements were made. 

of specimen electrode poten t ia l s  as  a function of time a r e  plot ted i n  

Figure 11 for  the Ti-13V-llCr-3Al a l loy  immersed i n  methanol-water solut ions 

containing 0.15 N NaC1. The curves f a l l  i n t o  two d i s t i n c t  types,  those 

tha t  increase and those t h a t  decrease the poten t ia l  within the  f i r s t  quarter  

hour. This separat ion between the two groups of curves f a l l s  between 0.30 

and 0.38 percent water, which covers the range where the maximum suscep t ib i l i t y  

t o  s t r e s s  corrosion cracking occurs. I f  the values for  e lectrode poten t ia l  

fo r  any given t i m e ,  i .e.,  quar te r ,  half  o r  f u l l  hour, a r e  plot ted,  an 

abrupt change i n  the  

a po ten t ia l  of about 

* 
Methyl alcohol 

r e su l t i ng  curve occurs near 0.35 percent water and a t  

-150 mv with respect t o  saturated calomel e lectrode 

absolute,  low i n  acetone, containing 0.036 percent water. 
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(S.C.E.), e.g., see  Figure 12  fo r  a p lo t  of  one-hour values of e lec t rode  

poten t ia l .  

It w a s  thought t h a t  the co r re l a t ion  of the  maximum stress corrosion 

s u s c e p t i b i l i t y  and measurements of e lec t rode  po ten t i a l  as a function of 

water content i n  methanol so lu t ions  containing 0.15 N N a C l  were possibly 

associated with the onset of passivation. 

found f o r  18Ni maraging s t e e l  as  a function of pH of aqueous solut ions.  

Such an assoc ia t ion  has been 

1 

Po ten t ios t a t i c  measurements recorded i n  Table 4 f o r  the Ti-13V-llCr-3Al 

a l loy  ind ica te  t h a t  two percent water sus ta ins  passivat ion over the range 

of po ten t ia l  values of i n t e r e s t .  

added water ind ica tes  no passivation. The so lu t ion  which corresponds t o  

The t e s t  run with methanol without 

t h a t  which produces the maximum suscep t ib i l i t y  t o  s t r e s s  corrosion cracking, 

0.35 percent water, exhibi ted a small region of passivation. That i s ,  with 

t h i s  solut ion,  the a l loy  was close t o  the onset of passivat ion as a function 

of water content.  

Although the experimental data a r e  l imited a t  t h i s  t i m e ,  the  

following explanation may be appl icable  t o  the s t r e s s  corrosion behavior 

of t i tanium a l loys  i n  methanol solut ions containing small amounts of water 

and C1- ion. Passivat ion does not occur completely a t  any d e f i n i t e  value 

of e lectrode po ten t i a l  o r  water. 

values. Within the  range of water contents up t o  about one percent,  

It would occur over a shor t  range of 

passivat ion i s  occurring. A s  the  water i s  increased, more of the  surface i s  

passivated and the  corrosion currents  generated a t  the remaining ac t ive  areas  

become progressively more intense.  Ultimately th i s  leads t o  the nucleation 

of a s i te  suscept ible  t o  stress corrosion cracking and thus produces a 
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a minimum in the percent water versus time to failure curve. It is 

probably that the C1- ion plays a part in the overall mechanism, and 

work is presently progressing in this direction. 

Conclusions 

The following conclusions are based on the work accomplished 

in the period of June 1 to November 30, 1966. 

1. The two alloys investigated, Ti-6A1-4V and Ti-13V-llCr-3A1, 

in foil form did not stress crack in aqueous solutions with pH values 

from 0 to 13 even with NaCl added or in substitute ocean water. 

2. These same two alloys were very susceptible to stress corrosion 

cracking in methanol solutions containing less than about one percent water. 

Increasing the water tends to prevent cracking. 

3 .  A minimum in the time to failure curve as a function of water 

content fn methanol solutions containing 0.15 N NaCl was attributed to 

electrochemical factors. 

4 .  Electrode potential measurements indicated the amount of 

water needed to obtain the minimum. Potentiostatic tests suggest that 

the maximum susceptibility was associated with the onset of passivation 

as a function of water content. 

Future Work 

The following items of work are planned for the inunediate future. 

1. Continued studies are planned of the correlation of electro- 

chemical measurements with stress corrosion susceptibility in alcohol 

solutions on the two alloys already being investigated. 
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2. Three more commercial a l loys  i n  f o i l  form should be received 

from the r o l l i n g  m i l l  around the  f i r s t  of the year ,  namely: Ti-8Al-lMo-lIV, 

Ti-5A1-5Sn-5Zr, and Ti-6A1-2Sn-4Zr-2Mo. I n i t i a l  plans would c a l l  f o r  

following present procedures using alcohol so lu t ions  with these a l loys .  

No extensive tests with aqueous solut ions are an t ic ipa ted .  

3 .  Electron microscopy i s  planned f o r  c e r t a i n  of the  a l loys  

which show s ign i f i can t  differences i n  s u s c e p t i b i l i t y  t o  stress corrosion 

cracking as a funct ion of s t ruc ture .  

4. Studies of the  r a t e  of crack propagation using a hard-beam 

t e n s i l e  machine and specimens cu t  from rod w i l l  be i n i t i a t e d .  
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Table 4 

Potentiostatic Measurements on Ti-13V-llCr-3Al 
Heat Treated at 1400°F + C.W.Q. + 24 hr. at 900'F 

2 Current Density 1-1 amp/cm 
Potential Percentage of water in methanol with 0.15 N NaCl 
(m) S . C . E .  0.036% 0.35% 2 .O% 

- 1000 
- 900 
- 800 
- 700 
- 600 
- 500 
- 400 
- 300 
-200 
- 100 

0 

+loo 
+200 

+300 
+400 

+500 
+600 
+ 700 
+800 

+goo 
+loo0 

-15.8 

-11.3 

-8.1 
-4.5 
-2.3 
-0.9 
+1.8 

+171.0 
+441 .O 
+goo. 0 
+2070.0 
+2970.0 
f3555.0 
+3960.0 
+4320 .O 
+4950.0 
+5400.0 
+5850.0 
+6300.0 
+6750.0 
+7200.0 

-44.0 
-19.2 
-6.8 
-2.4 
-0.8 

-0.4 
0.0 

0.0 

+40.0 
-1-560.0 

+1360.0 
+2160.0 
+2960.0 
f3600.0 
+4200.0 
+4400.0 
+52W .O 
+5600.0 
+6000.0 
+6400.0 
+6800.0 

-16.0 

-6.4 
-2.4 
-0.8 
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Figure 1--Apparatus f o r  S t r e s s  Corrosion Testing of F o i l  a t  Constant 

Figure 2--A c loser  view of s t ress  corrosion t e s t i n g  apparatus showing p a r t i a l  

S t r e s s  and i t s  Auxil iary Equipment. 

immersion set-up ( l e f t ) ,  a cracked specimen with b o t t l e  removed 
(center ) ,  and a stagnant immersion t e s t  i n  progress ( r i g h t ) .  



Figure 3--Apparatus with l e v e r  loading fo r  Stress Corrosion Testing 
of F o i l  and i t s  Auxiliary Equipment. 

Figure 4--Closer view of t he  apparatus showing a pin-loaded specimen 
ready f o r  tes t ing .  



Figure 5 - - V i e w  of set-up fo r  measuring e lec t rode  po ten t i a l s  showing 
the c e l l  enclosed i n  copper-wire sh i e ld ,  a t i m e r  and the 
electrometer.  

Figure 6--View of set-up used f o r  po ten t io s t a t i c  measurements with 
the working c e l l  t o  t he  r i g h t ,  the  po ten t io s t a t  on the 
l e f t  and the  sa tura ted  calomel e lec t rode  i n  center .  





Photomicrographs of the  surface of f o i l s  showing s t ress  corrosion cracks i n  
an area near t he  f r ac tu re .  

Figure 8--Ti:6-4 a l loy ,  cold ro l l ed  and annealed, broke a f t e r  975 min. 
exposure t o  so lu t ion  of methanol sa tura ted  with NaC1; s t ressed  
75% Y.S., Mag. 1OOX. 

Figure g--Ti:l3-11-3 a l loy ,  heat  t r ea t ed  a t  1400OF + C.W.Q. +34 h r  a t  900°F 
broke i n  a few minutes exposure t o  so lu t ion  of methanol sa tura ted  
with N a C l  + 0 .2% H 0;  s t ressed  85% Y.S., Mag. 250X. 2 





Figure ll--Variation with time of electrode potential for Ti-13V-llCr-3Al alloy, 
heat treated at 1400'F + C.W.Q. + 24 hr. at 900°F, immersed in methanol 
containing 0.15 NaCl with varying percentages of deionized water. 




